The relationship between the preparation conditions and the function of silk fibroin membrane was investigated in terms of water-sorption, membrane potential, ion permeability, X-ray diffraction and birefringence. We clarified the influences of preparation conditions of the silk fibroin membrane such as the concentration of fibroin solution (dilute and concentrated), substrate (acrylic resin and mercury) and drying rate (slow and rapid), on membrane potential and ion permeability of the fibroin membrane. The orientation function of the amorphous region is remarkably dependent on the preparation conditions, whereas that of crystal region is almost independent. When the mercury was used as a substrate and the drying rate is slow, the aggregation state of the fibroin membrane estimated from the iso-electric point, IEP was the highest. The membrane prepared from a con centrated solution on mercury at the slow-drying rate has the smallest average pore radius r. On the other hand, those for the membranes prepared from a dilute solution on an acrylic sheet are generally larger. It was clarified that the change of ion permeability of the membrane generally agreed to the order of IEP and r of the membrane.
Introduction
It is well known that silk fibroin produced by Table 1 The preparation conditions of the silk fibroin membrane , the amount of water adsorped in monolayer , Vm and the average pore radius, r.
1. Concentration of silk fibroin solution , diluted; c.a. 2.5%, concentrated; c.a. 7%. 2. Substrate, Acrylic; polymethyl methacrylate . 3 . Drying rate, Slow; air-drying, Rapid; drying under reduced pressure . 4 , Vm and r were calculated according to BET method .
Results and Discussion
The preparation conditions of the silk fibroin membrane and isoelectric point, IEP.
The membrane potential developed between two aqueous solutions which are separated by a membrane is reflected by the fixed charge of the pore in the membrane. IEP was determined from the membrane potential as a function of pH of the aqueous solution as shown in Fig. 1 . The pH at the membrane potential = 0 was regarded as IEP which was affected the fixed charge of the pore formed in the amorphous region of the fibroin membrane. Therefore, IEP is a measure of the aggregation state of the fine amorphous region mainly, i.e. the IEP of the more strongly aggregated membrane shifts to more acidic pH. The IEPs of four samples prepared from dilute solutions (AS-l, AR-l, MS-1 and MR-1) show the values from 3.85 to 4.10. Namely, for mercury as substrate and at slow drying rate (MS-1), the aggregation state of the fibroin membrane was the highest, whereas it is the smallest for acrylic sheet and rapid drying rate (AR-1). Consequently, it is concluded from the order of IEP, AR-1 > AS-1 > MR-1 > MS-1 that, when the fibroin mem brane was prepared by drying slowly, that is, the fibroin molecules were kept for long time in the dissolved or highly fluid state, they were able to aggregate more easily. Same results were obtained for the silk fibroin membranes which were prepared from the concentrated silk fibroin solution. We shall discuss on the aggregation state of the amor phous region afterward. The condition of the preparation of the silk fibroin membrane and ion permeability (1) The preparation from the dilute solution.
The permeability of KCI (initial concentration = 0.1 M) through the fibroin membrane was meas ured by an electric conductivity meter as a function of time. The permeability coefficient, (2) The casting on the acrylic sheet. Fig. 3 shows the plots of Km_??_d/A vs. the KCl concentration, C2 on the lower concentration side. The order of the equilibrium values is AR-1 > AS-1 > AR-2 > AS-2. The KCl permeability of the fibroin membranes prepared from the concentrated solution is lower compared to those of the mem branes prepared from the dilute ones. In addition, the permeability of the membranes dried slowly is lower compared to that of the membrane dried rapidly. These results also agree with the behavior of IEP. The orientation function of crystal, amorphous and total regions of the silk fibroin membrane and ion permeability
The orientation functions of the silk fibroin membranes were determined from the X-ray dif fraction and the birefringence in order to estimate the aggregation state of the amorphous region of the membrane. Fig. 4 shows the calculated data of the orientation functions. The orientation function of the amorphous region is very different from membrane to membrane, whereas that of crystal region is not appreciably different. In particular, the values of the highly aggregated specimens (MS-l, MS-2, MR-2 and AS-2) indicate the higher orientation on the amorphous region . These results suggest that the states of the amor phous region are liable to form the various fine structures. Namely, we are able to regard the orientation state as an aggregation structure which indicates the intermolecular-energy-order distri bution in the region 13). When the fibroin mole cules of the amorphous region tend to pack together closely, the intermolecular-energy is higher as a whole, that is, the higher aggregation structure developed in the amorphous region, resulting the increase of the orientation function. In addition , it is essentially considered that the distribution of the aggregation order in the region affected the diffusion and permeability of a penetrant through the membrane. Thus, it was found that the ion permeability of the silk fibroin membrane was correlated to the orientation function of the amorphous region exclusively. Average pore radius, water-adsorption and ion permeability
The average pore radius, r, and amount of water, Vm, which was adsorbed as monolayer on the membrane, are summarized in Table 1 . The fibroin membrane prepared from concentrated solution on mercury surface and at slow drying rate have the smallest value of r. However , the values of the membranes prepared from dilute solution on acrylic sheet are generally larger, suggesting the correlation to the ion permeability.
As mentioned above, the states of the amorphous region are liable to produce various aggregation structures. In addition, it is thought that the fibroin membrane dried slowly has many micro crystallites8,9), resulting from the increase of surface area of the crystallite and then the large Vm since the water adsorption is governed by not only the amorphous region but also the surface of the crystallite. On the other hand, Vm of the membrane which is dried more rapidly, is smaller since the relatively large crystallites exist in the membrane. However, the r value has an opposite tendency. These phenomena correspond to the results that the size of the micro-crystallites of the membrane prepared from organic solvents is affected by the interaction between the polymer and the solvent9-11). On the basis of these data, it is expected that the application of the silk fibroin membrane to the functional membranes will be soon developed.
Conclusion
We clarified the influences of the preparation conditions of the silk fibroin membranes such as the concentration of fibroin , substrate, and drying rate on the ion permeability of the fibroin mem brane. It was concluded from the order of IEP that when the fibroin membrane was prepared by drying slowly , it was able to aggregate more easily.
The KCl permeability of the fibroin membrane prepared from the concentrated solution was lower compared to that of the membranes prepared from the dilute one. In addition, the permeability of the membrane corresponded to the results of the orientation function of the amorphous region and the average pore radius.
